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+, n = 1
Þy£yÌ%¦~Ñ~BUw­L¡E¦?


















































+, n = 400


































































































































































































































 ¢?]¯<¦H©àÑ~¥¦hHw'õk¥?E] Ò ³?]¡¨H]=ù¨úHHÑUw¡£±Ì%úH±¡wÙÓ¦~~ Ò ä=E6wÑ??«¡B»w¦H]
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 2 − 1
2ν2N
= B
























n ∈ N ¦?~ÜE~B
6




























































































































































































































































































































































































































































































































J2 = N2 + L2 + 2























































































• R ?A@8B óuõ86EÜHw<õ,E6~EE]â core £yõ8%6¡H~¥EwuBúHBEwff¦~~
• R >#= Ñ?»w§k° R =;> óu³¡¥~B©à¡¥E?]t»]§¨¡ ¢?]ºHwÜ6w¡§']~Hs¡wºõ,%¢Hu¥p£
EwuBúHBEw]
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Ee = −1/(2n2) ?¦?¡ ¢^H½8¥¦?H¯6¦u¥LE]?»]¥? n ?sæ~?wE,«B]°Wñyç­L«¥¡E¡ ¢?w
¬u¥*?]E¢E ¢L/­w?í,¦~¥6¡Ew¡¦??~·U§]E~¥Ñ^§¨






















νJ ∈ R+\{0} w¡~¥E]t§¨<H)©àwuHk²,¥¡BE]¦??H]8Ł/]¡¥â¡w?]E66ó
















= BJ2 − 1
2ν2J








































































































































































































































































































δβ = 2pi ω ω =
Te
TN
TN = 2pi (2BN)
−1




















































N(α) = −L cos(α) +
√

































































































































































































































































































































ϕ→ 2pi−ϕ  flff,Y:'50ff






























































































































































































































 cos(δβ) sin(δβ) 0− sin(δβ) cos(δβ) 0
0 0 1































 0 0 −10 −1 0
1 0 0










































 cos(δϕ) sin(δϕ) 0− sin(δϕ) cos(δϕ) 0
0 0 1
 Û Y ° ý  Þ
¦?u




















































 cos(δϕ′) sin(δϕ′) 0− sin(δϕ′) cos(δϕ′) 0
0 0 1



















 0 0 10 −1 0
−1 0 0





























 þxy yŁõ*þ©xyöŁ÷iPõ°(u.xQ±Jx üü
ÊEËµ ¶ffÒ#×ÎÑ



























E = BN(N + 1)− 1
2n2













































[J − L, . . . , J + L] ¥~?w?]t­p¥~-°?×<Ñu]»w] ¢?~wc
δJ,n,N =
(√


































































































































































































































































































− l(l + 1)
r2
)
+ [V (r) −E]
]

































V (r) = −Z/r  Z = Z0 − N °
×<?]?wÜ¥fi·??¥¡












































































































































F (, l; ρ)
·%§'] ¢?,E]¦?«®
¥öè8¡E?¡¦??â«±'¦?~©àß?











F1 = s(, l; ρ) cos(piµ) + c(, l; ρ) sin(piµ)
©àß?






F (, l; ρ) =
F1
cos(piµ)
= s(, l; ρ) +K(, l)c(, l; ρ)
©àß?






















 = −1/ν2n, n ∈ N
u¥ÑUw§¨














































































N = Nc + No
·
c . . .
6s£
¡ ¢?6¡B]?·



















































































































































































































































(2L + 1) × (2L + 1) ³fi¢¥u±©à6E¥p¡6~E¥E¡ØÝ UNΛ E]?£
¥~H]t6w¡­L%ß??©ª]°×cÑu]EQ ¢??]
UNΛ =< N |Λ > ¥«  ÑUw¡¥w¡¦??LBLE]¢¥
?w)ä*w%6w­LE6E] |N > ¦?u |Λ > °U²,]EÙ×áw]H©à¦??­L¡6?wîB~^¥Ñ?~®?6
?w)ò,¡wLEw¡¦??HQ8¹Ü6]­Lß~¥6 ¢~B














































































































































































ΨΛ(R, r, r) = X
(JΛ)

























ΨN (R, r, r) = Φ
(JN)























































































































r → ∞ Þ¨6 f(ν, r) ¦?~ g(ν, r) ¥Ñ?u®H£
6u°-¬ß?k]Ñ?¦?~H]?åU¦~B¡®~HÜÛ









f(ν, r)→ u(ν, r) sinpiν − υ(ν, r) cospiν, ©àß? r →∞ Û Y ° Z%Y Þ









































































M {u(νN , r)
∑
Λ










































































Sˆ = UˆNΛ sin(pi(µΛ + νN )) Û Y ° ZL¸ Þ
§ÑUw Sˆ ©àß?,ÌH%¦~¨BE]6<¦~~c? ¢L¨©àß?<?¾ÌL¡E]¦?¥p¡EÝf°~Ì%<~¥ÑUwc§¨
Sˆ|A(`)〉 = 0 Û Y ° Z`Z Þ
H]øä*]?­w¡ |A(`)〉 6 S ÐHw ¶ ¡H£±ò,~u]??ww ¶ ¥6B« Λ ¦?u ` ¥
õk¥~¥)Ûà]]­6¡E6?«E ¢?]²,¡w??¦?«¡Þs°*²8]wL¡¡ ¢?w«H]~HÜÌH ¢?¡ØE«±%¦? HtñyH£
¡w¡?Ew¡¥Eî6 Sˆ ¥«¾H]ï¥~®¡w"³w']~wm\uRb3ÀB YÍ?ffiTGÎ2¿ÏT^SÑÐWffiTû¹º¥E¡ØÝ
Eˆ
Eˆ = Cˆ + iSˆ =
{









Eˆ†Eˆ = (Cˆt−i Sˆt)(Cˆ + iSˆ) = Iˆ Û Y ° q¼ Þ
]E6ÑH
Cˆt Cˆ + Sˆt Sˆ = Iˆ Û Y ° q%Y Þ
f° -°





Þ*ÑU]H]¦HEw]·??¥6E ¬~¥ |A(`)〉 wtä=6w%]­6¡'áÛ Y ° ZRZ Þ:»]¦?
ä*]%§']B,¤8¦?«±Q·UEh«± |B(`)〉 = Cˆ|A(`)〉 ]Úä*6w%]­LE,Hw/³fi¢¥~EU?wEE]
6 Sˆ ]Ñu]H©é¥«¨»w¦cä*w%§wE<¤<¦?






Eˆ = Cˆ + iSˆ =
{

















CˆNΛAΛ(`) Û Y ° q6ð Þ
























 þxy yŁõ*þ©xyöŁ÷iPõ°(u.xQ±Jx ý ü




e(ipiµˆ) . . .
¥«~¥ÑUâõ86Eã¹ºw­%ß?­%¢H~¥p¡w~EúH±¡w·

















































Eˆt Eˆ = (Cˆt +i Sˆt)(Cˆ + iSˆ)






§¥?»]]BQ·~?¥¡§w? Sˆ|AΛ〉 = 0 ·~?¥?







Þä*w%6w­LE6E]Ð6 Eˆt Eˆ cH]
ä=6w%§']B
1
°=Ł/] ¢~w¡¥6EEw E~ H |BN 〉 ä*]L6w­LE6E]ø6 Eˆ Eˆt tH]
ä=6w%§']B
1




























































































































• νJ £ ê ?·
• ×~H¦??LB»Q¥? ω ¦?~












































































N = −L cos(α) +
√









































































N = J −m °u²8ÙŁ/w« ¢??w N = J §¨¡¥ÑUw8L¦~¨ m = 0
]E¡w« ¢L]·§¥6¾§w6w

































































































































































































































































































































































































































































































• ä*6w%§wEE νJ,n,N 6 νJ νJ
• ½<«±¡¢¥ãHw¨ä*]%§']B¡ νJ,n,N 6 νJ νJ
•  ÑUw¡¥w¡¦??6ÌH¦?Ñ~Eu]­6¡E]
• ä*6w%§wEE δJ,n,m ?w¨¡w«¥pE)*u¥Ew?6]¡ ¢L§¨~H­6w δJ



























































































































































































































































































































































n ∈ R+\{0} · m ∈
































































































































































































































































































































































































































































































































































































































































• ¶ ]§']¦?~tH],Uw¡HH«¡ ¢?wº=¦??­LE Y °U¦?~  °fiò,¡?L¦~?¥¦?©'Hw/N~ w¥w£
¬«® ¢~
• 6Ø£y¬ØÝH?¦~?­LEwL±§¨« ¢­%¦?~¦~~cñy?«E¥E~E























































































































































































































































































β = 0, α = pi2
ÞhÑ?»w§k°
Û





















































































































































































ε(  )ε t

























































































ε(   ) >






























































































































































































































































































































































































2.0, β = 0
¦~~c»w§¨«E ¢?]c?w»w§w-õk¯,¹£SñyuB]-°
• w? ω £Së:]B¡w¦?~~·§'] ¢?^%¦?t]~w­%w?w ¶ w¡w« ¢Hwc¡www åW¥?w
ß?ÑUw¢±¡E] ¢LQ°N²/¥?¦?¡ ¢Ð]wû%¦? Ò §w~6ÔÓ¢¥pEu¥ÜåW¥?wøÑ~»]¦û]?]


































































N = J−L Þfi¦?~âN6Ø£y¬ØÝH?¦?~­6
 ffÕwLE6w]?QBwE»wEwcNÛ



































































































































Szenario (A−B)           (2−1)                              (2−2)                              (1−2)
Pol−Fixp. A :             Evol.2                            Evol. 2                           Evol. 1


































ω = rs ; r ∈ N
ÞHwcò,¢H%¦??


























• Ñu]§']wïE« ¢"wLE«¥? β = 0 Ñ?»w§k° β = pi 6ìN£y¬ÝH?¦??­L k
»w¦?ã6Ø£y¬ØÝH?¦~?­L+ t·
• w¡»ww¦~wÙw?QÌ ¶ 6Ø£y¬ØÝH?¦~?­L} t·pÑUwH§w« ¢?wNHõk¯,¹£¿ñy~B]
»wwE©é®]·








































































































































































































































































































































































































































































































































(α1, α2)× (β =






















































































































































































θ = pi2 , φ = 0
Þ=¦?~6Ø£y¬ØÝH?¦~?­L 
Û





































θ = pi2 , φ = 0
Þ*¦?uhN£¿¬ÝH?¦??­L+ 
Û
















































































































































µ = 0 . . . 10; ∆µ = 0.01
Þ:©àß~<wÌHú%BE] Ø
2B = 2.5 · 10−12, J =































































































































































































+, n = 1
Þ¿£±Ì%¦?Ñ~EUw­LE¡¦?







































































































































































































































































































+, n = 1
Þ¿£±Ì%¦?ÑuBUw­LE¡¦?¦?~HwÏ½8¦~B£
?¡ÜH]"Û






































































0 . . . L
L
)2






























































































+, n = 400
Þy£yÌH¦?Ñ~Eu]­6¡E¦~c°U²8]Û
















(+, n = 400)
£yÌH¦?Ñ~Eu]­6¡E¦~c·%EÙ]E­6w??]h§¨]·H?¥6EH/ä=6w%§']B¡<©àß?¨H
Û
m = ±L Þ¿£¿ä*6w%§wE¡®BE%¦?w?86w¡~<¯<Ñ~~®?66­]Ø=6 µ »w]6w-°Lä='B']
¥¡­p¥LE]Ùõ)?« ¢­^©àß?HwÛ





























































































































































































+, n = 400
Þ¿£
Ì%¦~Ñ~BUw­L¡E¦?Ê¦?ÊHwÛ
n = 400,m = L
Þ¿£¿ä*]L§wE¡¥6±t¥¦~E]§®?EwÐä*£
























V (x; a) = 14x
4 + 12ax












































(−, n = 400) SµT(,
O]'Wý=K&dV)8G,.< ¯8Ñ?Ñ??¦??Û  ° ý  Þc»]wÚH  ÑUw¡¥]E¦?~ ?w



































































n,m = −L Þ¿£¿ä*w%§wE¡¥6±=H]×áwE¤8¦?W]E¡w« ¢L=~¥pQ·%Ñ?«HwE ¢w?]¦?w
Û
n,m = −L Þ¿£¿ä*w%§wE¡¥6±Q°sñy¾¯<Ñ?Ñ~«H¦??Û  ° ý ð ÞUÑU]EØ¡»s:HwÛ n = 941,m = −40 Þy£
ä*]%§']B¢¥B-w?=­%¡Ø¡¡ ¢?=õ,?~¦?~¨ku¥?]»w¦¾¤8¦?S°g¯<~¡ ¢?QEEw~)ÑU]EE»s:H]
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n = 1063,m = 40
Þ¿£¿ä*w%§wE¡¥6±Ù¥ûH]hŁ/E]?»w6·N~¥ÚÑUw¡w¡H]
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n = 400,m = L − 1 Þ¿£¿ä*w%§wE¡¥6±
]?]ÐB¡®E­6w¡wûŁ/¢¥?]6¡wÐ¥¦H©à§w«±h¥H]ºÛ












k ∈ N ÞÔ°6ñy¯8Ñ?Ñ??¦??Û  ° ý f6Þ~¥6EEwEN'BEw]~H] µ Hw8Û n = 1080,m = 38 Þy£
ä*]%§']B¢¥B)H]Û

























n = 941,m = −40 Þy£Sä=6w%§']B¢¥BEQ?wº×áwE µ = 0 ]E¡w« ¢L]°
²,w,~® ¢u±¡kä*6w%§wE¡¥B¾Û
n = 942,m = −38 Þ«±,Ew~<~¥~k¦?~ºHQEEwä*]H£
§wEÜÛ
n,m = −38 Þk©àß? µ = 0 w¡E] ¢L±¡wwuHw νJ w?wû×^]B­%]?]
¥k?wâä*]%§']BÛ
n,m = −40 Þ8©àß? µ = 0 °fñy"Hwk6Ñu]E]á¯8Ñ?Ñ?H¦~?ÜwâHw
ä=6w%§']B'©àß?kÛ
n,m = −38 ÞN¡w©àw¨¥«*©àß~)Û n,m = −40 Þs°6ä=Ñ?«Hs<E ¢h]t?w¦~w
Û






















n = 1063,m = 40
Þ¿£¿ä*w%§wE¡¥6±¡]
?]E¢¥¦uBÑ?«HsQ°²,w~®6 ¢~±¡Úä*]%§']B¢¥BáÛ

































n,m = −L Þy£Sä=6w%§']B¢¥B8ÑH)])­6w? ∆n∆m = 01
£
ù<]E~¥?»·~¥/?w8Û
















n = 941,m =


























































































(µ, νJ ) = (2, 2001.5), (3.2, 2001.5),


























































2000 . . .2000.6
·pH¨»w§wE
2000.6 . . .2001.4
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4 , n ∈ N
¥¦?©±°²8¨­%]~w¡wÌLEÍ6E¦?~wÙw¡E] ¢~w¾~<H8Ł/¡w?»]w
















































































































ωJ ≈ 0.3 w?w m £¿×áwE< −40
¦?utH¦~¡ ¢?«®¦?©ª6
























































































































































































































• ÌL¡Í¡¦??6 m(δ) H]âä*]H©à¦??­LE~wî]¡E¦~k ¢~¥E«¡ ¢?wkù¨]á"H]
N~ w¥w£¿¯8Ñ?Ñ??¦??~°




















ωJ = 1 . . . 1.5
«±¦?










































































































































































































































































































































ω = r2 r ∈ N
]E­%«®E¨§']¡H]­p¥~-°

















































































































n,m = −L Þ¿£¿ä*6w%§wE¡¥B-Ø
w?w?6?wÐ­%EE«E ¢~w õ86??¦??~°:²,Üä=6w%§']B¡tÑUsæu~HwE ¢û
åUwLE¡¦??w¨?]¦?wÜõk¯8¹Ü£Sñy~EwS°










































• ²8 Ò  s]¥k»]?QyÓ




































































• ²,w  Ñu]EL¥?ÜHQk­%¥6EE¡ ¢?]îÌ%úHBE]â~´'~¥L)¾¦~¡k?H ¢"Hw¡¥]B¡w
¦?LE]¡E¦~ ¢L¨§']¡?w-°








































































J2 = (N + L cos(α))2 + L2 sin2(α)
Ûé¯¾° fLÞ
J2 − L2 sin2(α) = (N + L cos(α))2 Ûé¯¾° ¸ Þ√
J2 − L2 sin2(α) = N + L cos(α) Ûl¯â° Z Þ
N = −L cos(α) +
√


















































































































































L sinϑ1 cosϕ1 +N1 = L sinϑ2 cos(ϕ1 + δϕ) +N2 cos δϕ
′ Ûl¯â° eY Þ
L sinϑ1 sinϕ1 = L sinϑ2 sin(ϕ1 + δϕ) +N2 sin δϕ
′ Ûl¯â°  Þ



















ϕ2 = ϕ1 + δϕ+ δϕ
′ Ûl¯â°  ý Þ

δϕ′ = arctan
L sinϑ [sinϕ1 + sin(ϕ1 + δϕ)]
















































































































































































²/¥?]-§¨¢)H*²8U]E]?» |εn+1−εn| w-­%w?w-¦~~)]f¡]E¦?EwE limn→∞ εn+1εn =
1
·~f° -°
limn→∞ λi = 0
°~²,sæ~~]E]Ü§¨





































































N = J −m. Ûl¯â° ü ý Þ
²,âù<w«¥pE~wBwE»w]§¨¨
BN(N + 1)− 1
2n2
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